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As the range of engineered nanoparticles 
(NPs) designed as speciﬁc carriers increases, 
for example for cell targeting and drug deliv-
ery, the question on how many NPs are inter-
acting or are taken up by cells is becoming 
increasingly important for any potential 
biomedical application. On one hand, the 
delivered dose of such NPs to the targeted 
cells is a key parameter in the assessment of 
their efﬁciency to perform the desired action 
(e.g., deliver the therapeutic substance or 
induce a speciﬁc effect), on the other hand, 
the assessment of intracellular NPs is cru-
cial also from the safety aspect as NPs might 
come unintentionally in contact by untar-
geted cells. Particularly from the regulative 
perspective, it is important that reproducible 
and reliable analytical methods for the intra-
cellular quantiﬁcation of NPs are available at 
an early stage in the development in order to 
correlate the cell burden of NPs with their 
possible effects at a cellular level.
Which method is the best?
The authors approached this matter by 
questioning senior scientists in the ﬁeld of 
nanoscience about their personal views on 
the prime method for quantifying intracel-
lular NPs. Although – at ﬁrst glance – this 
is a seemingly straightforward enquiry, their 
responses were rather ambiguous yet con-
sistent: in a nutshell, they all concluded the 
method of choice for the quantiﬁcation of NP 
uptake mainly depends on the research ques-
tion, the available analytical devices as well as 
on the type of NPs of interest. As of that, it is 
not possible to recommend one speciﬁc tech-
nique that could be used for quantiﬁcation of 
all the different NPs types which exist now-
adays. As well known from the convincing 
evidence from the literature, physicochemi-
cal properties of NPs such as their size, shape, 
core material and surface functionalization 
have a strong impact on NP cellular interac-
tion including uptake, intracellular fate and 
induction of cell response but also require 
very different analytical methods. Various 
cutting-edge techniques have emerged dur-
ing the last years which can quantify the 
NPs based on their distinctive characteris-
tics, for example – chemical composition, 
optical properties, magnetic properties or 
electron density. Comprehensive reviews and 
in-depth discussions are readily available [1–4] 
and are not reiterated herein. For the purpose 
of this commentary, we have selected some 
of the most widely used analytical techniques 
in the nanoscientiﬁc biomedical community 
based on a review of the existing nanotoxi-
cology studies published within the scope 
of the last 5 years. Noteworthy, we do not 
differentiate here between intracellular and 
cell associated NPs which can of course also 
inﬂuence the choice of a method, however, it 
is an important point which has to be consid-
ered for the interpretation of the result. And 
it is important to add that, depending on the 
community and the research ﬁeld, quanti-
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ﬁcation per se can have quite different meanings. In 
general, quantiﬁcation is described as the act of giv-
ing a numerical value to a measurement, including the 
calibration of a system (method and instrument) and 
scale formation [5]. From an analytical chemistry point 
of view, the term quantiﬁcation can be explained as the 
process of determining a quantity of (an) analyte(s), 
for example – chemical species, present in a sample. 
In cell biology, quantiﬁcation is often described with 
the attributes of the measurement itself (e.g., accuracy 
and precision) whereas in medical and pharmaceuti-
cal community the term quantiﬁcation is usually cor-
related with the procurement process of a medicine/
drug.
General considerations about quantiﬁcation 
techniques
First of all, the unambiguous detection of NPs in a 
cell is a prerequisite for the subsequent quantiﬁcation. 
Because of the small particle size and consequently 
very low mass and along with the fact that in some 
cases only a small number of NPs might be associated 
with cells, detection within cells is extremely chal-
lenging due to the sensitivity or resolution limits for 
some of the techniques. Noteworthy, detection of NPs 
in the biologically complex environment is reasonably 
required in order to distinguish the particles from 
either other cellular parts of the similar sizes, for exam-
ple ribosomes or glycogen, or from other xenobiotic 
material coincidentally present in the cells. Moreover, 
one should also consider the different and constantly 
changing biological environments with respect to, for 
example – presence of proteins and electrolytes, differ-
ent pH values etc, that NPs can encounter when ﬁnally 
localized in various subcellular compartments such as 
cytosol, endosome or endolysosomes; all this might 
importantly inﬂuence the measurements and render 
quantiﬁcation very challenging.
Only once NPs are detected inside the cells, quanti-
ﬁcation can be performed [6], which yields numerical 
values from the measurement. The obtained value can 
then be converted into different quantities, for example 
– NP mass, NP number or NP surface per reference 
volume which can be a cell population, number or 
 volume unit (Pm3).
In this context, the result from a quantitative tech-
nique depends on the quality of parameters among oth-
ers, the accuracy, precision, sensitivity and resolution. 
To start with, accuracy of measurement of a device is 
the range of the statistical bias and how close it gets 
to the actual value, while the precision indicates the 
reproducibility and repeatability of the measurement. 
Precision also reﬂects the heterogeneity of an object 
and can be reliably estimated by repeated experiments. 
Both the sensitivity and the resolution, deﬁning the 
smallest quantity and the smallest object that can be 
detected, respectively, are highly method dependent, 
hence these limitations are difﬁcult to be overcome and 
improved by the researcher. These method parameters 
are manifested in the overall quality and performance 
of the respective quantitative analytical tools; however, 
there are also other criteria which are important for the 
quality of these techniques including the validation 
of the measurement with standard samples. All these 
criteria are in concordance with the US FDA require-
ments for general development and establishment of 
sound bioanalytical methods [7] including a detailed 
description of the analytical technology, target analyte 
(e.g., the NP) and the sample (e.g., the cell type).
Another key requirement for the reliable quantiﬁca-
tion of NPs per cell is to reﬂect the biological variabil-
ity. This does not only refer to the obvious differences 
among the various cell types existing (e.g., plant vs. 
mammalian cells, prokaryotic vs. eukaryotic cells), but 
also on the possible differences in the uptake of NPs 
within one cell population because of different cell cycle 
phases. High ﬂuctuations of intracellular load of NPs 
have been reported populations in in vitro cell culture 
studies using human alveolar epithelial [8] and human 
urinary bladder cell lines [9]. This is the reason why the 
prerequisite for a representative cell sample size is also 
of utmost importance in order to produce accurate and 
precise measurement values. Finally, an efﬁcient and 
reliable quantiﬁcation entails unbiased sampling, that 
is – randomly chosen measuring spots in the sample, 
meaning that any object in the  population must have 
equal chances to be measured.
Having noted all this, it is still questionable on how 
all these principles can practically be manifested in a 
real research environment? And which decision-mak-
ing process on the selection of quantitative method 
should be followed – given the fact that quantiﬁcation 
depends on both the NPs’ intrinsic characteristics and 
the desired quantiﬁcation data? Unfortunately, there is 
still no simple answer available, yet it can be illustrated 
by giving some examples of available techniques for a 
chosen set of NPs relevant for the biomedical ﬁeld.
NP quantiﬁcation techniques: some 
illustrative examples
When NP cell interactions are assessed, the properties 
of both, the particles as well as the cellular structures, 
should be preserved. As already said, the quantiﬁca-
“…quantiﬁcation is described as the act of 
giving a numerical value to a measurement, 
 including the calibration of a system (method and 
 instrument) and scale formation.”
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tion method of choice for the intracellular detection 
and quantiﬁcation of NPs also highly depends on the 
characteristics of the particles themselves – chemical 
composition, surface properties, spectroscopic properties 
(e.g., ﬂuorescence and scattering), size and shape.
The analytical techniques are diverse and mainly 
include spectroscopic and imaging methods. Induc-
tively coupled plasma (ICP)-based spectroscopic 
techniques including -optical emission spectrometry 
(ICP-OES) [10], as well as mass spectrometry (ICP-
MS) [11] can provide quantitative elemental compo-
sition and is applicable for a wide range of NPs such 
as metals, (metal) oxides or quantum dots [12]. The 
major advantage of these techniques is the very sensi-
tive detection range; namely, the sensitivity of ICP-MS 
exceeds that of ICP-OES (ppt to ppm range, respec-
tively) and ICP-MS is also capable of providing isotope 
information. Moreover, the costs of both installing the 
facilities and development of speciﬁc methodology are 
lower for OES with respect to MS, yet the individual 
sample running times are shorter with MS; nonethe-
less, measurements itself are rather fast with both the 
approaches. However, one has to keep in mind that 
the destructive nature of the techniques for particles 
as well as the cellular structures which does not allow 
differentiation between NPs and metal ions, distinc-
tion between internalized NPs, extracellularly associ-
ated and/or just located between cells or obtain spa-
tial information [13]. These methods do not allow for 
the determination of mass in a single cell but it usu-
ally refers to a cell population. In cell culture assays, 
it is, however, possible to determine the cell number 
per sample size and thus extrapolate the NP quantities 
per cell number. However, ICP-MS has been advanced 
as single particle ICP-MS, which enables the distinc-
tion between the dissolved and particulate form of 
NPs, yet is it has not been revealed to what extend the 
complex biological matrix affects the signal produced 
from an NP and hence inﬂuence the measurement; the 
technique requires further development [14]. Neverthe-
less, such an approach for quantiﬁcation of mass using 
elemental analysis techniques is a reliable tool to assess 
the material mass within a deﬁned sample volume.
Fluorescence-based quantitative techniques pro-
vide again highly sensitive methods as only a few or 
even individual ﬂuorochromes can be detected. These 
techniques require a ﬂuorescence signal from the NPs 
which can derive from an intrinsic property of NPs 
exhibiting the capacity to emit the light, for example – 
semiconductor nanocrystals such as quantum dots [15] 
and titanium dioxide NPs [16] or by the use of ﬂuores-
cence tags [17]. These types of NPs can be detected and 
quantiﬁed by ﬂuorescence spectroscopy, ﬂow cytom-
etry, or ﬂuorescence imaging techniques. However, the 
resolution limits of all these methods do not allow to 
resolve single NPs. Herein, the NP load per cell is typi-
cally expressed as an indirect marker such as a num-
ber of events or intensity of the signal associated with 
NPs and this also strongly depends on the resolution 
of the detector. In ﬂow cytometry, single cells pass in 
a steady stream in front of a laser detection unit that 
collects the ﬂuorescent signals from a single cell on 
appropriate detectors. The integrated ﬂuorescent sig-
nal from individual cells is measured by side scattering 
and interpreted as either NPs containing cell or NPs 
free cell. The signal integration increases the sensitivity 
compared with ﬂuorescence imaging methods, where 
the ﬂuorescence signal is spread out over millions of 
camera pixels, but is also the main drawback: the rel-
ative location of the NPs in the cell is lost. Forward 
scattered light is useful to determine the volume of the 
cell, thus the reference volume is deﬁned in this spe-
ciﬁc technique. It is a fast method to obtain the relative 
amount of cells loaded and/or associated with ﬂuores-
cently labeled NPs (or possessing ﬂuorescent proper-
ties) [16,17]. In addition, the cells have to be labeled in 
order to deﬁne the reference volume. In ﬂuorescence 
microscopy, the quantiﬁcation of events is usually 
created based on digital images. The events can be 
counted manually or by an automated analysis in silico 
following an image segmentation process. Yet, a clear 
distinction between the NPs and the biological mate-
rial needs to be assured, meaning that the NP-derived 
signal must exceed the autoﬂuorescence-induced noise. 
Typically, the reference space can be assessed using 
a separate recording channel with a cell or a cellular 
compartment speciﬁc ﬂuorescent labeling.
Fluorescent quantiﬁcation methods do not account 
for possible bleaching or quenching of the ﬂuores-
cent signal at locally high concentrations of the ﬂuo-
rochrome and are easily prone to artifacts leading to 
inaccurate quantiﬁcation [18]. The common feature of 
all the ﬂuorescence-based methods is the fact that the 
ﬂuorescence signal is not absolute because the signal 
intensity depends on the excitation source, the num-
ber of ﬂuorophores per NP, quantum yield of ﬂuoro-
phores or the NP itself and the sensitivity of the detec-
tor. Therefore, the signals are compared with a control 
sample and are given as relative values, that is, semi-
quantitative outcomes. Thus, ﬂuorescence  methods 
neither indicate mass nor NP number, but they allow 
the comparison between different  experimental 
 conditions.
Adequate resolution of an analytical method is the 
prerequisite for the quantiﬁcation of absolute particle 
“The analytical techniques are diverse and mainly 
include spectroscopic and imaging methods.”
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number or surface per cell which can be provided by 
electron microscopy (EM) techniques (e.g., scanning 
EM [SEM], focused ion beam [FIB]-SEM, transmis-
sion EM [TEM]). An EM micrograph provides the 
signal of electron dense NPs and the biological con-
text within one channel which requires interpretation 
prior to quantiﬁcation. Therefore, computer-assisted 
counting is often not an option. With increased 
human intervention in the interpretation, observer 
expectancy effects may affect the accuracy. The EM 
techniques provide information in 2D, that is – surface 
by SEM and projection by TEM or in 3D obtained 
by for example FIB-SEM, TEM tomography or serial 
TEM sections. Accurate quantiﬁcation requires for all 
NPs to have the same chance of being sampled, but the 
sampling chance is proportional to NPs size: the larger 
the particles, the greater the chance for being counted 
in 2D projections. A uniform chance – and with it the 
accuracy – can only be assured with a 3D probe. This 
also derives intuitively from the observation that if the 
aim is to quantify numerical density a volume must be 
sampled.
The dissector [19] is a stereological approach which 
registers the presence of NPs in a reference section and 
compares this with the presence of the NPs in deeper 
sections, allowing accurate numerical density estima-
tion, independent of NP size and morphology. When 
multiplied by the reference volume, NPs cardinality is 
obtained [20,21]. Besides the dissector, additional stereo-
logical approaches exist that deliver unbiased estimates 
of other units of interest. For the volume, the Cavalieri 
principle can be useful for reference space (cell or cell 
compartment) estimation. For NPs surface estimation, 
a number of approaches are available such as isotropic 
fakir probes or the surfactor probe [22]. Stereological 
EM studies yield accurate NP number and surface 
information in a relative efﬁcient way, if applied prop-
erly. However, the design of the experiments, including 
the sampling schemes and sample preparation, can be a 
time consuming task compared with other approaches 
discussed above.
Stereological methods are not limited to EM modal-
ities but can be applied to other imaging 3D datasets. 
They require parallel sections of constant thickness: 
either physical (e.g., FIB-SEM, serial light microscopy 
[LM] or TEM sections) or optical (TEM tomography, 
confocal laser scanning microscopy). Naturally, the 
resolution of the imaging modality will inﬂuence the 
precision of the quantiﬁcation. Additionally, an accu-
rate estimation is assured if the requirements of the esti-
mator are fulﬁlled. Surface estimation methods such 
as the surfactor require uniform isotropic random sec-
tions, which are random in all three planes whereas the 
isotropic fakir and Cavalieri method requires the less 
demanding preferential sectioning. Finally, systematic 
random sampling schemes provide ways to select the 
NPs without bias (or the known bias)  regarding the 
size or orientation.
The sampling requirements and counting schemes 
may be demanding for certain EM techniques. Com-
paring multiple serial TEM sections simultaneously is 
challenging, but may be converted to an ofﬂine task 
by TEM tomography. Keeping systematic random 
sampling schemes in a FIB-SEM may not be practi-
cal due to the long acquisition time involved (several 
hours per data point). If the time component is not an 
obstacle, the EM combined with stereological methods 
provide accurate estimates of difﬁcult to obtain mea-
sures, such as NP number and NP surface, which are 
often  crucial to explain the NP interaction with the 
biological  context.
Final comments
The quantiﬁcation of NPs internalized by cells in 
dependence of the NP properties is of vital impor-
tance in the emerging ﬁeld of ‘bionanomedicine’. Up 
to date there is no standardized and validated method 
available for this speciﬁc question because of the very 
different requirements of the analytical procedure 
depending on the particle type, the biological envi-
ronment as well as the different speciﬁcations and 
limitations for each of the techniques. Given all the 
above stated thoughts, it is not possible to provide a 
clear answer on the best method to be employed in 
NP uptake quantiﬁcation and we also did not cover 
all available methods but tried to focus on the most 
applied ones. For a reliable determination of the intra-
cellular NP burden it is recommended to combine 
different methods yielding complementary outcomes, 
such as efﬁcient mass or number estimations sup-
ported by a visual evidence of the NPs localization 
inside the cells. Regardless of the approach employed 
one also has to consider that every quantitative mea-
surement contains some amount of the error and 
the limitations of the systems have to be taken into 
account for the interpretation of the data.
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